Introduction {#s001}
============

H[ydrogen sulfide]{.smallcaps} (H~2~S) [is]{.smallcaps} a toxic gas smelling of rotten eggs, but it has been reported to function in many physiological processes, including relaxation of vascular smooth muscles ([@B60], [@B85]), mediation of neurotransmission ([@B1], [@B40]), inhibition of insulin signaling ([@B38]), and regulation of inflammation ([@B19], [@B45]). More recently, reactive sulfur species (RSS) such as hydropersulfide (R−S−SH) and polysulfide (−S−S~n~−S−) were also found to have roles in regulating the activity of proteins *via S*-sulfhydration of cysteine (Cys) residues (SH→SSH) ([@B55], [@B60]) and the modification of synaptic transmission ([@B41]), in addition to a cytoprotective effect ([@B42]).

Since H~2~S, polysulfide and hydropersulfide are redox partners, they should coexist in biological systems. In contrast, hydropersulfide and polysulfide seem likely to be much more effective than H~2~S in *S*-sulfhydration from the view point of chemical reactivity ([@B76]), although the source of the persulfide donor whether its relationship with H~2~S is as a product or precursor is controversial ([@B84]).

There are several methods for selective detection of H~2~S, and the most commonly used are the methylene blue method ([@B44]), the sulfide-selective electrode method ([@B77]), the monobromobimane method ([@B43], [@B57]), and fluorescence detection ([@B74]). The monobromobimane method, that is, liquid chromatography mass spectrometry analysis of sulfur compounds labeled with monobromobimane, is also applicable to the detection of hydropersulfide and polysulfide ([@B36]). However, homogenization of biological samples is required in these methods, except for fluorescence detection, so they cannot be applied to living cells and tissues.

In contrast, fluorescent probes are easy to use, and enable real-time, nondestructive detection in living cells and tissues ([@B25], [@B78]); consequently they have been widely used in biological research to study the physiological functions of H~2~S, hydropersulfide, and polysulfide ([@B71], [@B74]). Many selective fluorescent probes for H~2~S have been reported, and more recently, fluorescent probes for hydropersulfide and polysulfide have also been developed ([@B47], [@B71], [@B74], [@B87]).

To study the role of H~2~S, hydropersulfide, and polysulfide in biological systems, several techniques to block the production of these sulfur molecules have been employed. For examples, mouse models genetically ablated of H~2~S- or polysulfide/hydropersulfide-producing enzymes ([@B37], [@B56], [@B79], [@B85]) and knockdown of these enzymes by siRNA are commonly used, but these techniques require additional expertise and access to specialized facilities ([@B4], [@B59]). Although selective inhibitors of H~2~S- or polysulfide/hydropersulfide-producing enzymes are also useful and indeed are frequently used in biological studies, their selectivity is generally not high, and there is still a need for highly selective inhibitors to investigate the precise functions of H~2~S, hydropersulfide, and polysulfide in living samples ([@B4], [@B59], [@B81]).

In this review, we summarize the current status of chemical tools for the study of H~2~S, polysulfide, and hydropersulfide signaling, focusing especially on fluorescent probes and inhibitors, and we also briefly introduce their applications to biological studies.

Development of Fluorescent Probes for H~2~S {#s002}
===========================================

Many fluorescent probes for H~2~S have been developed based on a variety of reactions, such as the reduction of an azide or nitro moiety to amine, the nucleophilicity of HS^−^, and the H~2~S-quenching effect of copper (II) ion (Cu^2+^), as summarized hereunder.

Fluorescent probes based on reduction of azide or nitro moiety to amine {#s003}
-----------------------------------------------------------------------

H~2~S is a reducing reagent and has been used to reduce azides in organic synthesis ([@B69]). The sulfide-mediated reduction of aryl azide was recently shown by Henthorn and Pluth to proceed through initial nucleophilic attack of sulfide anion on the electrophilic azide to form an azidethiol intermediate, followed by intramolecular attack of sulfide to generate the amine ([@B31]). Since the electron-withdrawing azide is converted to electron-donating amine in this reaction, the electron density of the molecule is greatly changed, and this change can be utilized to modulate the fluorescence of probes.

The first fluorescent probes utilizing azide reduction were SF1 ([Fig. 1](#f1){ref-type="fig"}) and SF2, developed by Chang and colleagues ([@B48]). Reduction of the azide group of the xanthene moiety to amine leads to opening of the intramolecular spirocycle of the rhodamine scaffold: this restores the conjugated system of the xanthene moiety, resulting in strong fluorescence emission. The same group subsequently developed several improved probes (SF4--7) based on the same strategy ([Fig. 1](#f1){ref-type="fig"}), using bis-azide rhodamines to achieve a lower background signal and an acetoxymethyl group to improve intracellular retention ([@B46]).

![**Fluorescent probes based on reduction of azide or nitro group.** *Gray* or *green star* indicates nonfluorescent or strongly fluorescent molecule, respectively.](fig-1){#f1}

This azide reduction strategy is broadly applicable to various fluorophores, and various kinds of fluorescent probes for H~2~S have been developed with different colors or targeting specific organelles, as shown in [Figure 1](#f1){ref-type="fig"}. For example, Barrios and colleagues reported a coumarin-based fluorescent probe, AzMC, which they used for cystathionine β-synthase (CBS) inhibitor screening ([@B75]). Han and colleagues reported a cyanine-based near-infrared (NIR) probe, Cy-N~3~ ([@B88]). This probe is a colorimetric and ratiometric probe, displaying an emission maximum shift of about 40 nm upon azide reduction.

H~2~S fluorescent probes targeting specific organelles have also been developed. For example, Kim and colleagues reported two-photon mitochondria-targeted fluorescent probes, SHS-M1 and SHS-M2, which incorporate a triphenylphosphonium group as a mitochondrial targeting moiety ([@B5]). These probes can ratiometrically detect different levels of mitochondrial H~2~S produced in live cells and living tissues expressing different levels of CBS.

Like the azide group, the nitro group can also be reduced by H~2~S, and Montoya and Pluth utilized this fact to design a fluorescent probe, HSN-1, that incorporates a nitro group into the 1,8-naphthalimide scaffold ([@B54]). Thus, several types of H~2~S fluorescent probes utilizing azide or nitro group reduction have been reported.

Fluorescent probes based on the nucleophilicity of HS^−^ {#s004}
--------------------------------------------------------

H~2~S is highly water soluble and shows p*K*~a1~ of 7.0 and p*K*~a2~ of ∼12 ([@B66]). So, about two-thirds of H~2~S is estimated to exist as strongly nucleophilic HS^−^ at physiological pH (pH = 7.4). Qian *et al.* utilized this strong nucleophilicity to design fluorescent probes SFP-1 and SFP-2 ([Fig. 2a](#f2){ref-type="fig"}) ([@B64]). In these probes, fluorescence off/on switching occurs *via* HS^−^ addition to the aldehyde substituent, followed by Michael addition of the resulting intermediate to the unsaturated methyl acrylate moiety to form a thiohemiacetal under physiological conditions. The resulting stable tetrahydrothiophene shows strong fluorescence. Xian and colleagues also used a Michael addition strategy to achieve thioacetal cyclization, resulting in ester cleavage, to develop a fluorescent probe ([Fig. 2b](#f2){ref-type="fig"}) ([@B51]).

![**Fluorescent probes based on the nucleophilicity of HS^−^.** **(a)** Fluorescent probe based on HS^−^ addition to the aldehyde substituent, followed by Michael addition. **(b)** Fluorescent probe based on a Michael addition strategy to achieve thioacetal cyclization. **(c)** Fluorescent probe based on disulfide exchange reaction. **(d)** Fluorescent probe based on nucleophilic addition to the electrophilic moiety of the probe. *Gray* or *green star* indicates nonfluorescent or strongly fluorescent molecule, respectively.](fig-2){#f2}

Disulfide exchange reaction by H~2~S has also been utilized for selective detection of H~2~S. Xian and colleagues reported fluorescein-based fluorescent probes, WSP1-5, in which the disulfide bond is cleaved by H~2~S, followed by intramolecular nucleophilic attack of the persulfide group on the ester moiety ([Fig. 2c](#f2){ref-type="fig"}): this reaction releases the fluorophore, resulting in a large fluorescence increase ([@B50], [@B62]). Other similar fluorescent probes, such as a ratiometric probe ([@B83]) and a coumarin-based probe ([@B26]), have also been reported. Fluorescent probes based on these strategies ([Fig. 2a--c](#f2){ref-type="fig"}) may react with other biothiols such as reduced glutathione (GSH) and Cys, but the resulting intermediates cannot continue to the intramolecular cyclization step, and consequently these probes show high selectivity for H~2~S over biothiols.

Nucleophilic addition to the electrophilic center of the fluorescent probe has been utilized for the development of ratiometric H~2~S probes. Guo *et al.* reported fluorescent probes, CouMC, based on the selective nucleophilic addition of sulfide anion to coumarin and merocyanine scaffolds ([@B14]). Moreover, 2,4-dinitrophenyl (DNP) derivatives were originally employed as masking groups for the phenol group of tyrosine during peptide synthesis, and this protecting group can be removed by thiolytic cleavage ([@B20]). Lin and colleagues applied this strategy to remove a highly electron-withdrawing group, DNP, from a probe by reaction with H~2~S, causing the probe to become strongly fluorescent ([Fig. 2d](#f2){ref-type="fig"}) ([@B8]).

Fluorescent probes based on the quenching effect of Cu^2+^ {#s005}
----------------------------------------------------------

It is well known that heavy metal ions such as iron (III) ion (Fe^3+^) and Cu^2+^ quench the fluorescence of a nearby fluorophore. Moreover, based on the hard and soft acids and bases principle ([@B61]), sulfide anion has a strong affinity for Cu^2+^. On this basis, precipitation of CuS was adapted for H~2~S detection by incorporating a Cu^2+^ complex moiety into the fluorophore.

Chang and colleagues reported that a dipicolylamine--fluorescein complex with Cu^2+^ showed a turn-on fluorescence response to H~2~S, but the probe showed no selectivity over other biothiols ([@B16]). Our group designed and synthesized a H~2~S fluorescent probe, hydrogen sulfide imaging probe-1 (HSip-1) ([Fig. 3](#f3){ref-type="fig"}), in which Cu^2+^ is complexed with an azamacrocyclic ring, cyclen ([@B67]). The high stability of this Cu^2+^-azamacrocyclic complex enabled us to achieve high selectivity for H~2~S: when H~2~S binds to the Cu^2+^ center, the probe shows a large fluorescence enhancement, whereas the azamacrocyclic Cu^2+^ complex is stable in the presence of other biothiols, such as 10 m*M* GSH.

![**Fluorescent probes based on precipitation of CuS.** *Gray* or *green star* indicates nonfluorescent or strongly fluorescent molecule, respectively.](fig-3){#f3}

Other probes utilizing this approach, that is, with a Cu^2+^ complex as a sensing moiety for H~2~S, have been reported based on the combined scaffold of fluorescein and 8-hydroxyquinoline ([@B33]) and the phenanthrene-fused dipyrromethene scaffold ([@B65]) ([Fig. 3](#f3){ref-type="fig"}).

HSip-1 is also useful to measure H~2~S production in the course of development of other chemical tools. For example, Nakagawa and colleagues reported photolysis-induced H~2~S donors utilizing ketoprofenate ([@B22]) and xanthone ([@B21]) as photolabile protecting groups. They used HSip-1 to evaluate photo-dependent H~2~S release from these H~2~S donors. Ichinose and colleagues developed H~2~S-releasing *N*-methyl-[d]{.smallcaps}-aspartate receptor (NMDAR) antagonists (combination of NMDAR antagonists with H~2~S donor) and evaluated changes of cell viability after incubation of cells with these agents ([@B52]). They compared the ability of various hybrid H~2~S donors to increase intracellular H~2~S by using HSip-1 for H~2~S detection.

Development of Fluorescent Probes for Hydropersulfide and Polysulfide {#s006}
=====================================================================

Increasing recognition of the importance of hydropersulfide and polysulfide in biological systems has led to the development of fluorescent probes for sulfane sulfur species; these species consist of sulfur atom(s) with six valence electrons but no charge bound to other sulfur atom(s), as in hydropersulfide and polysulfide. Hydropersulfide has significantly different chemical properties from structurally related thiols (R−SH). The p*K*~a~ values of hydropersulfides are lower than that of H~2~S ([@B32]), so hydropersulfides should be stronger and more reactive nucleophiles than thiols. In addition, sulfane sulfur is electrophilic and can react with nucleophiles. By utilizing these chemical properties, several off/on type fluorescent probes for sulfane sulfur, that is, hydropersulfide and polysulfide, have been designed and developed.

Fluorescent probes based on sulfane sulfur attachment to thiol {#s007}
--------------------------------------------------------------

Sulfane sulfur functions as an electrophile and can react with nucleophiles such as thiol group ([@B82]). This property was utilized to develop the first fluorescent probes for sulfane sulfur, the SSP series, reported by Xian and colleagues ([Fig. 4a](#f4){ref-type="fig"}) ([@B9]). The reaction mechanism for these probes is as follows. First, sulfane sulfur reacts with the sulfur atom of the thiol group of the probe, affording reactive persulfide (R−SS^−^). Then, intramolecular nucleophilic attack of persulfide (R−SS^−^) on the ester moiety occurs, resulting in strong fluorescence. Thus, the probes can detect sulfane sulfur, including polysulfide and elemental sulfur. Our group also very recently designed and synthesized a reversible off/on fluorescent probe for sulfane sulfur, SSip-1, by utilizing the ability of sulfane sulfur to bind reversibly to other sulfur atoms and the intramolecular spirocyclization reaction of xanthene dyes ([Fig. 4b](#f4){ref-type="fig"}) ([@B73]). The fluorescent probe reversibly visualized sulfane sulfur in living A549 cells and primary-cultured hippocampal astrocytes.

![**Fluorescent probes based on sulfane sulfur attachment to thiol.** **(a)** Fluorescent probes for sulfane sulfur, the SSP series. **(b)** Reversible off/on fluorescent probe for sulfane sulfur, SSip-1. *Gray* or *green star* indicates nonfluorescent or strongly fluorescent molecule, respectively.](fig-4){#f4}

Fluorescent probes based on the nucleophilicity of H~2~S~n~ {#s008}
-----------------------------------------------------------

Xian and colleagues reported a specific fluorescent probe for hydrogen polysulfides (H~2~S~n~, *n* \> 1), the DSP series ([Fig. 5a](#f5){ref-type="fig"}) ([@B49]). In this molecular design, the fluorophore is linked to 2-fluoro-5-nitrobenzoate *via* an ester bond. Nucleophilic aromatic substitution of hydrogen polysulfide with the fluorine group of the probe affords the persulfide intermediate, and then intramolecular nucleophilic attack of the persulfide (R−SS^−^) on the ester moiety in the probe structure releases the fluorophore. The electron-withdrawing nitro group on the 2-fluoro-5-nitrobenzoate moiety serves to enhance the reactivity of the probe. This approach can also be applied to other fluorophores ([Fig. 5a](#f5){ref-type="fig"}) ([@B23], [@B24], [@B28], [@B35], [@B70], [@B89]).

![**Fluorescent probes based on the nucleophilicity of H~2~S~n~.** **(a)** Fluorescent probes based on nucleophilic aromatic substitution of hydrogen polysulfide with the fluorine group of the probe. **(b)** Highly specific fluorescent probe for hydrogen polysulfide, utilizing phenyl 2-(benzoylthio)benzoate as a recognition moiety. **(c)** Reversible fluorescent probe for hydropersulfide based on nucleophilic reaction of hydropersulfide with the pyronine unit of the probe. **(d)** Fluorescent probe for the detection of both H~2~S and H~2~S~n~ as different fluorescence signals. *Gray* or *green star* indicates nonfluorescent or strongly fluorescent molecule, respectively.](fig-5){#f5}

For example, Liu and colleagues reported a two-photon-excited fluorescent probe for hydrogen polysulfide, QS~n~, using 2-benzothiazol-2-yl-quinolin-6-ol as the two-photon fluorophore and 2-fluoro-5-nitrobenzoate as the H~2~S~n~ recognition moiety ([@B89]). They also reported a ratiometric two-photon fluorescent probe, NRT-HP, utilizing the same H~2~S~n~ recognition moiety and quinone methide chemistry ([@B28]). They successfully visualized both exogenous and endogenous H~2~S~2~/H~2~S~n~ in living cells and tissues.

Chen and colleagues developed NIR fluorescent probes, Mito-ss ([@B24]) and BD-ss ([@B23]), which have aza-BODIPY as the NIR fluorophore and 2-fluoro-5-nitrobenzoate as the polysulfide recognition moiety. Fluorescence of these probes is controlled *via* donor-excited photoinduced electron transfer because of the strong electron-withdrawing group, that is, the nitro group ([@B78]). These probes were utilized for visualization of exogenously added polysulfide, as well as polysulfide endogenously produced *via* enzymatic reaction *in vivo*.

Xian and colleagues also developed a H~2~S~n~-specific chemosensor based on the nucleophilicity of H~2~S~n~: they discovered a hydrogen polysulfide-mediated aziridine ring-opening reaction, and the developed chemosensor showed high sensitivity and selectivity for H~2~S~n~ ([@B12]).

Although 2-fluoro-5-nitrobenzoate is utilized as a recognition moiety for hydrogen polysulfide and hydropersulfide in many fluorescent probes, as already mentioned, it can also react with biothiols to form thioether products, leading to undesired consumption of the probes. So, Xian and colleagues developed an improved recognition moiety that reacts only with H~2~S~n~ ([Fig. 5b](#f5){ref-type="fig"}) ([@B11]). Phenyl 2-(benzoylthio)benzoate showed appropriate selectivity, that is, its thioester bond is labile to polysulfide, but is stable even to biothiols. PSP-3 employed this reaction moiety on a fluorescein scaffold to detect intracellular polysulfide.

A reversible fluorescent probe for hydropersulfide ([Fig. 5c](#f5){ref-type="fig"}) was recently reported by Ojida and colleagues ([@B39]). Its reaction mechanism involves nucleophilic reaction of hydropersulfide with the pyronine unit of the probe. The reversible character of this reaction enabled the probe to detect not only increase, but also decrease of hydropersulfide levels in real time. This probe also employed a fluorescence resonance energy transfer (FRET) mechanism as a fluorescence controlling mechanism, which modulates the intramolecular FRET efficiency to induce a dual emission change. Other strategies utilizing the high nucleophilicity of hydrogen polysulfide, such as selenium--sulfur exchange reaction ([@B29]) and Michael addition reaction to the cinnamate ester moiety ([@B34]), have also been reported.

Fluorescent probe for dual detection {#s009}
------------------------------------

To understand the mutual relationship and cellular cross-talk between H~2~S and H~2~S~n~, Xian and colleagues developed a single fluorescent probe, DDP-1, that was able to visualize both H~2~S and H~2~S~n~ as different fluorescence signals ([Fig. 5d](#f5){ref-type="fig"}) ([@B10]). DDP-1 employs an azide group for H~2~S detection and phenyl 2-(benzoylthio)benzoate for H~2~S~n~ detection.

Development of H~2~S-Producing Enzyme Inhibitors {#s010}
================================================

Physiological H~2~S is enzymatically synthesized by CBS, cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3MST) ([@B59]). Among them, CBS and CSE are pyridoxal 5′-phosphate (PLP)-dependent enzymes ([Fig. 6a](#f6){ref-type="fig"}) ([@B4], [@B63]). Several inhibitors of these H~2~S-producing enzymes have been used in biological studies ([Fig. 6b](#f6){ref-type="fig"}).

![**Chemical structure of PLP and inhibitors of H~2~S-generating enzymes. (a)** Chemical structure of PLP ([@B63]). **(b)** Chemical structures of inhibitors of H~2~S-generating enzymes. PAG and BCA are inhibitors of CSE, and AOAA is an inhibitor of CBS ([@B4]). AOAA, aminooxyacetic acid; BCA, β-cyano-[l]{.smallcaps}-alanine; CBS, cystathionine β-synthase; CSE, cystathionine γ-lyase; PAG, [d]{.smallcaps},[l]{.smallcaps}-propargylglycine; PLP, pyridoxal 5′-phosphate.](fig-6){#f6}

[d]{.smallcaps},[l]{.smallcaps}-Propargylglycine (PAG) and β-cyano-[l]{.smallcaps}-alanine (BCA) are commonly used as inhibitors of CSE: PAG is an irreversible inhibitor of CSE, while BCA is a reversible inhibitor. Both PAG and BCA inhibit CSE in a PLP-dependent manner, and they do not exhibit high selectivity for CSE ([@B4], [@B59], [@B81]), although their effects on about 140 other PLP-dependent enzymes have not been precisely established ([@B59]). Also, they have low cell permeability and need to be used at high concentrations ([@B4]). Aminooxyacetic acid (AOAA) is commonly used as an inhibitor of CBS ([@B59]), but it also blocks CSE. No selective inhibitor of 3MST, which is not a PLP-dependent enzyme, has yet been reported ([@B81]). Inhibitors of each enzyme are summarized hereunder.

Inhibitors of CSE {#s011}
-----------------

Various H~2~S-generating reactions are catalyzed by CSE, but the main pathway involves α,β-elimination reaction of [l]{.smallcaps}-Cys, as shown in [Figure 7a](#f7){ref-type="fig"}. The first step of the reaction in CSE is the exchanging reaction from Schiff base between PLP and Lys^212^ of CSE to that between PLP and [l]{.smallcaps}-Cys. In this complex, [l]{.smallcaps}-Cys is deprotonated and the aromatic ring of PLP is reformed. After that, SH^−^ is released from [l]{.smallcaps}-Cys ([@B15]).

![**H~2~S generation by CSE and mechanism of inhibition of CSE by PAG. (a)** Mechanism of H~2~S generation by CSE: [l]{.smallcaps}-Cysteine acts as a substrate and undergoes α, β elimination to generate [l]{.smallcaps}-serine with release of SH^−^ ([@B15]). **(b)** Mechanism of inhibition of CSE by PAG ([@B72]).](fig-7){#f7}

The reaction mechanism of CSE inhibition by PAG is shown in [Figure 7b](#f7){ref-type="fig"} ([@B72]). The first reaction is deprotonation of the α-amino group of PAG, and this is followed by transaldimination. The bound PAG is deprotonated by Lys^212^ and an activated allene is formed. The phenoxy group of Tyr^114^ nucleophilically attacks the allene to deprotonate Lys^212^, affording a vinyl ether. Finally, transaldimination between Lys^212^ and PAG occurs, but PAG is covalently bound to Tyr^114^. The bound PAG occupies a space at the substrate-binding site of CSE, blocking access of the substrate to the active site so that the enzymatic activity is irreversibly inhibited ([@B4], [@B81]).

The inhibition mechanism of BCA appears to be different from that of PAG, because BCA inhibits CSE reversibly ([@B4], [@B59], [@B81]). BCA binds to the active site of CSE in a PLP-dependent manner, probably forming a Schiff base linkage, but this linkage can be hydrolyzed, which may account for the reversibility of this inhibition ([@B2]).

Inhibitors of CBS {#s012}
-----------------

β-Replacement of [l]{.smallcaps}-Cys by [l]{.smallcaps}-homocysteine is the main route of H~2~S generation catalyzed by CBS ([Fig. 8](#f8){ref-type="fig"}) ([@B13]). The first half of the reaction is similar to the reaction of CSE with [l]{.smallcaps}-Cys, that is, [l]{.smallcaps}-Cys and PLP form a Schiff base linkage and [l]{.smallcaps}-Cys is deprotonated. When PLP reforms its aromatic ring, HS^−^ is released and the olefin in [l]{.smallcaps}-Cys is formed. Then, [l]{.smallcaps}-homocysteine attacks the olefin moiety, affording cystathionine ([Fig. 8](#f8){ref-type="fig"}). AOAA has also been used as an inhibitor of CBS ([@B4], [@B59], [@B81]). Inhibition by AOAA is thought to be because of the formation of the Schiff base between AOAA and PLP at the active site of CBS, because it has been reported that AOAA forms a Schiff base linkage with PLP in CSE to block the generation of H~2~S ([@B6]). AOAA also inhibits other PLP-dependent enzymes, showing relatively low selectivity for CBS ([@B4]).

![**Mechanism of H~2~S generation by CBS ([@B14], [@B15]).**](fig-8){#f8}

Inhibitors of 3MST {#s013}
------------------

3MST generates H~2~S from 3-mercaptopyrvate (3MP) in the presence of dithiols, such as thioredoxin (Trx) or dihydrolipoic acid (DHLA) ([Fig. 9](#f9){ref-type="fig"}) ([@B53]). 3MP is generated from [l]{.smallcaps}-Cys and α-oxoglutarate (α-KG), catalyzed by cysteine aminotransferase. The Cys residue at the active site of 3MST attacks the thiol group of 3MP, forming the persulfide at the active site Cys^247^. The persulfide is then attacked by one thiol of dithiol (Trx or DHLA), and the dithiol forms the persulfide group. The transferred persulfide is attacked by the other thiol of the dithiol, producing SH^−^. No selective inhibitor of 3MST has been reported so far, although pyruvate, menadione, 3-mercaptopropionic acid, and 3-chloropyruvate are nonselective inhibitors of 3MST ([@B81]).

![**Mechanism of H~2~S generation by 3MST ([@B53]).** 3MST, 3-mercaptopyruvate sulfurtransferase.](fig-9){#f9}

Recent reports of selective inhibitors {#s014}
--------------------------------------

Thorson *et al.* ([@B75]) screened a structurally diverse library of 1900 chemical compounds with a wide range of biological activities for inhibitors of CBS by using AzMC as a fluorescence probe for H~2~S ([Fig. 1](#f1){ref-type="fig"}), and found 12 hit compounds in the initial screening. After considering their selectivity for CBS and excluding compounds directly reacting with H~2~S, 1,4-naphthoquinone and tangeritin were concluded to be selective inhibitors of CBS; these compounds showed selectivity for CBS over CSE ([Fig. 10a](#f10){ref-type="fig"}).

![**Recently reported inhibitors of CSE and CBS. (a)** Twelve hit compounds in the initial screening of CBS inhibitors by Thorson *et al.* 1,4-Naphthoquinone and tangeritin were reported to specifically inhibit H~2~S production by CBS ([@B75]). **(b)** Chemical structures of [l]{.smallcaps}-cysteine and [d]{.smallcaps}-pencillamine ([@B7]). **(c)** Chemical structures of compounds synthesized by Corvino *et al.* ([@B17]) as candidate inhibitors of CSE. All of them have a propargyl group. Compounds (1a) and (2a) are cysteine derivatives, and also have a thiazolidine moiety. Compounds (3a) and (4a) have an aromatic group that is expected to interact with CSE ([@B17]).](fig-10){#f10}

Cirino and colleagues ([@B7]) reported that [d]{.smallcaps}-penicillamine ([d]{.smallcaps}-pen), which has a structure similar to Cys and is used as an antirheumatic drug, acts as a selective inhibitor of CSE in a PLP-dependent manner ([Fig. 10b](#f10){ref-type="fig"}). First, they showed that [d]{.smallcaps}-pen is not metabolized by CSE *in vitro*. Cell-free assay with recombinant CSE showed that [d]{.smallcaps}-pen reduced H~2~S synthesis, and was about 30 times more selective for CSE than CBS. Then, they showed that [d]{.smallcaps}-pen inhibits CSE by interacting with PLP, and they confirmed that it inhibits CSE *in vivo.* Thus, [d]{.smallcaps}-pen should be a useful scaffold for the design of novel selective inhibitors for CSE.

Structure-based and fragment-based approaches to find CSE inhibitors have been reported by Pastore and colleagues ([@B17]). They discovered that Cys derivatives with a propargyl group in the α-carboxyl position selectively inhibit CSE ([Fig. 10c](#f10){ref-type="fig"}). They synthesized four new compounds, all having a propargyl group; this is an essential structural element for inhibition of CSE by PAG. Two of them have structure similar to Cys, whereas the other two contain an aromatic group, which is expected to interact with the amino acid residue of CSE at the active site. When pharmacological assays were performed, compound 2a ([Fig. 10c](#f10){ref-type="fig"}) showed good water solubility, suggesting that it might be practically useful as an inhibitor. Compound 2a also showed high selectivity for CSE against CBS. They also reported that the inhibitory activity of compound 2a was greater than that of PAG.

Our group very recently reported a first 3MST-selective inhibitor ([@B30]). We performed high-throughput screening for 3MST inhibitors in a chemical library containing 174,118 compounds by using our selective fluorescent probe for H~2~S, HSip-1 ([Fig. 3](#f3){ref-type="fig"}). In the assay, purified 3MST and the substrate 3-MP were used and HSip-1 reacted with H~2~S released by the enzymatic reaction. Compounds that suppressed the fluorescence increase of HSip-1 in response to H~2~S were selected, and we discovered several selective inhibitors of 3MST.

Cellular Applications of Fluorescent Probes and Inhibitors in Biological Studies {#s015}
================================================================================

Although there is great interest in the biological roles of H~2~S, hydropersulfide, and polysulfide, many of the underlying molecular events remain poorly understood. Therefore, fluorescent probes for these sulfur molecules and inhibitors for related enzymes are needed to enable detailed studies of their molecular mechanisms. In some cases, both fluorescent probes and selective inhibitors have been used.

Investigation of intracellular endogenous H~2~S {#s016}
-----------------------------------------------

Li and colleagues have developed a mitochondria-targeted fluorescent probe for H~2~S ([@B58]). When HeLa cells were preincubated with 1 m*M* PAG for 1 h and then incubated with their fluorescent probe (10 μ*M*) for 30 min, the fluorescence intensity was clearly decreased, and this fluorescence decrease was considered to reflect the intracellular basal level of H~2~S.

Chang and colleagues have reported real-time visualization of endogenous H~2~S produced in live human umbilical vein endothelial cells (HUVECs) upon stimulation with vascular endothelial growth factor (VEGF), using a new fluorescent probe for H~2~S ([@B46]). CSE was identified as the key H~2~S-producing enzyme in the vasculature, and treatment of HUVECs with PAG attenuated the fluorescence signal of the probe. This indicates that CSE contributes to the observed H~2~S generation. They also reported that not only CSE but also CBS was expressed in HUVECs, so it is possible that CBS also has a role in this biological system.

Yi *et al.* reported a dual-response fluorescent probe for detecting H~2~O~2~ and H~2~S ([@B86]). When 200 μ*M* GSH was added to HEK293 cells in the presence of their fluorescent probe, marked fluorescence enhancement was observed, representing endogenous H~2~S. In contrast, when HEK293 cells were coincubated with phorbol-12-myristate-13-acetate (PMA; an inducer of endogenous H~2~O~2~ production) and the probe, a marked fluorescence increase was observed, representing endogenous H~2~S production induced by endogenous H~2~O~2~ in living cells. The PMA-induced fluorescence increase was decreased by addition of PAG, implying that PAG may inhibit PMA-induced H~2~S biogenesis.

Dufton *et al.* investigated the regulation of leukocyte H~2~S synthesis by using a fluorescent probe for H~2~S, SF5 ([Fig. 1](#f1){ref-type="fig"}) ([@B18]). To assess H~2~S synthesis in primary murine cells, they used P-Gel-derived macrophages, and they observed an increase of SF5 fluorescence in the living cells. Addition of [l]{.smallcaps}-Cys and PLP to the culture medium for 1 h had no effect on intracellular H~2~S generation, whereas the inhibition of CSE and CBS with [l]{.smallcaps}-PAG and AOAA significantly reduced H~2~S synthesis in a concentration-dependent manner.

Yi and colleagues have reported FRET-based ratiometric probes for H~2~S ([@B80]). Fluorescence imaging with these probes indicated that [d]{.smallcaps}-Cys induces greater H~2~S production than does [l]{.smallcaps}-Cys in mitochondria of HEK293 cells. PAG also inhibited Cys-dependent endogenous H~2~S production in a chiral-sensitive manner in living cells, that is, [d]{.smallcaps}-PAG inhibited [d]{.smallcaps}-Cys-dependent H~2~S production more efficiently than [l]{.smallcaps}-PAG, whereas [l]{.smallcaps}-PAG inhibited [l]{.smallcaps}-Cys-dependent H~2~S production more efficiently than [d]{.smallcaps}-PAG.

Pluth and colleagues have reported a fluorescent probe for detecting endogenously produced H~2~S in C6 rat glial cells, which express CBS ([@B27]). They measured the fluorescence response in cells that had been pretreated with AOAA (20 μ*M*), and observed a significant reduction compared with untreated cells, presumably reflecting endogenous enzymatic production of H~2~S.

Investigation of intracellular endogenous hydropersulfide and polysulfide {#s017}
-------------------------------------------------------------------------

Chen and colleagues have reported a fluorescent probe for mitochondrial hydrogen polysulfides, Mito-ss ([Fig. 5a](#f5){ref-type="fig"}) ([@B24]). They tried to detect endogenously produced hydrogen polysulfides by perturbing the pool of hydrogen polysulfides in RAW264.7 cells. RAW264.7 cells were stimulated with lipopolysaccharide (LPS, 1 μg/m*M*) for 16 h and then incubated with Mito-ss for 15 min. LPS induces CSE mRNA overexpression, which resulted in an increase of hydrogen polysulfide production. The cells showed a dramatic increase in intracellular fluorescence intensity, suggesting that the probe could detect endogenously produced hydrogen polysulfides.

They also pretreated the cells with PAG (100 μ*M*) for 10 min and then stimulated them with LPS for 16 h and incubated them with Mito-ss for another 15 min. In this case, the fluorescence response was attenuated, indicating that CSE contributes to the observed hydrogen polysulfide generation.

Yu and colleagues have reported a fluorescent probe for both superoxide anion and hydrogen polysulfides in mitochondria, Hcy-Mito ([@B35]). When HUVECs were incubated with 1 μ*M* Hcy-Mito for 15 min, the cells did not show any significant fluorescence increase, and the apoptosis rate was almost 0%. But, when the cells were treated with VEGF 40 ng/ml for 15 min to trigger a superoxide anion burst and then incubated for 30 min, they showed strong fluorescence, indicating increased production of hydrogen polysulfides. Moreover, when the cells were preincubated with 100 μ*M* PAG for 10 min to inhibit CSE, the rate of apoptosis increased to 20.9%. This result indicates that the main antioxidant activity in HUVECs was caused by hydrogen polysulfides.

The same group has also reported a ratiometric fluorescent probe for Cys hydropersulfide, Cy-Dise ([@B29]). When HL-7702 cells were pretreated with *N*-ethylmaleimide to deplete endogenous Cys hydropersulfides, almost no increase of the ratiometric fluorescence signal was detected with Cy-Dise. Pretreatment of the cells with PAG also gave a low ratiometric response, indicating a low level of Cys hydropersulfide. However, CSE-overexpressing cells showed a strong ratiometric increase, indicating a high level of Cys hydropersulfide in the cells. CSE-overexpressing cells were also treated with hydroxylamine to inhibit CSE activity, and in this case, the ratiometric signal showed a low level of Cys hydropersulfide.

In contrast, pretreatment with 100 μ*M* cystine for 1 h increased the level of Cys hydropersulfide. When the cells were treated with 100 μ*M* sulfasalazine for 3 h, they showed a low level of Cys hydropersulfide, presumably because sulfasalazine inhibits Cys/glutamine transporter, which is one of the transporters of cystine. Thus, the intracellular level of Cys hydropersulfide can be changed by exogenous stimuli.

Ojida and colleagues have reported a reversible ratiometric fluorescent probe for hydropersulfides ([Fig. 5c](#f5){ref-type="fig"}) ([@B39]). When A549 cells were treated with the fluorescent probe for 20 min, bright fluorescence was observed in the cytosolic region. When A549 cells were preincubated with the probe, and then treated with cystine, a gradual increase of the hydropersulfide level was observed. This increase was suppressed by treatment with AOAA. Conversely, treatment of the cells with auranofin, an inhibitor of thioredoxin reductase (TrxR), induced an increase in the intracellular hydropersulfide level.

Moreover, when fluorescence imaging of live A549 cells treated with [l]{.smallcaps}-Cys was performed using the fluorescent probe, the level of hydropersulfide increased in a time-dependent manner. Treatment of the cells with AOAA effectively suppressed the increase of hydropersulfide level induced by [l]{.smallcaps}-Cys. Unlike the case of the cystine experiment, inhibition of TrxR by auranofin did not cause an increase of the hydropersulfide level, implying that direct conversion of [l]{.smallcaps}-Cys to Cys hydropersulfide is not a major pathway of hydropersulfide formation in living cells.

Conclusions {#s018}
===========

Here, we have reviewed fluorescent probes for RSS (H~2~S, hydropersulfide, and polysulfide) based on a variety of design strategies, together with inhibitors of CSE, CBS, and 3MST, and we have introduced their biological applications. It is well established that H~2~S acts as a signaling and effector molecule, but so far its chemical mechanisms of action remain largely unknown.

In contrast, biological studies with recently developed fluorescent probes and detection methods for H~2~S, hydropersulfide, and polysulfide have suggested that hydropersulfide and polysulfide may be the actual signaling molecules mediating some of the physiological functions of H~2~S. Inhibitors of enzymes that synthesize these RSS are also powerful reagents for biological studies, but the selectivity and affinity of available small-molecular inhibitors are still insufficient and there are some conflicting results in the literature. Incorrect usage of inhibitors or failure to recognize pharmacologically relevant off targets would likely generate misleading results ([@B3], [@B68]), and detailed investigation of the specificity of various inhibitors seems to be needed for the high-quality biological research.

Further development and application of chemical tools for H~2~S, hydropersulfide, and polysulfide studies, especially tools able to detect and regulate the endogenous levels of these reactive sulfur molecules *in cellulo*, are expected to lead to an improved understanding of the role of these mediators in the control mechanisms of multiple physiological functions.
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3MP

:   3-mercaptopyrvate

3MST

:   3-mercaptopyruvate sulfurtransferase

AOAA

:   aminooxyacetic acid

BCA

:   β-cyano-[l]{.smallcaps}-alanine

CBS

:   cystathionine β-synthase

CSE

:   cystathionine γ-lyase

Cys

:   cysteine

DHLA

:   dihydrolipoic acid

DNP

:   2,4-dinitrophenyl

[d]{.smallcaps}-pen

:   [d]{.smallcaps}-penicillamine

FRET

:   fluorescence resonance energy transfer

GSH

:   glutathione

H~2~S

:   hydrogen sulfide

HSip-1

:   hydrogen sulfide imaging probe-1

HUVEC

:   human umbilical vein endothelial cell

LPS

:   lipopolysaccharide

NIR

:   near-infrared

NMDAR

:   *N*-methyl-[d]{.smallcaps}-aspartate receptor

PAG

:   [d]{.smallcaps},[l]{.smallcaps}-propargylglycine

PLP

:   pyridoxal 5′-phosphate

PMA

:   phorbol-12-myristate-13-acetate

RSS

:   reactive sulfur species

Trx

:   thioredoxin

TrxR

:   thioredoxin reductase

VEGF

:   vascular endothelial growth factor
